INTRODUCTION
Medulloblastoma is the most common malignant pediatric brain tumor subtype, accounting for approximately 20% of all childhood brain cancers. 1, 2 These tumors are divided into four distinctive molecular subtypes: WNT (Wingless-type mammary tumor virus [MMTV] integration site family member), Sonic Hedgehog, group 3, and group 4. The group 3 and 4 subtypes are associated with the highest rate of metastases and the poorest prognosis, with 5-year overall survival rates ranging from 40% to 60% and 75%, respectively. 1, 3, 4 Atypical teratoid/rhabdoid tumors (AT/RTs) are highly aggressive tumors of the CNS that predominantly afflict infants and younger children. AT/RTs, which are frequently associated with loss of function mutations in the hSNF5/INI-1 tumor suppressor gene, have a tendency to metastasize early and are known for their poor outcomes. The 5-year survival rates are in the range of 15% to 36%, with median survival times of less than 12 months. 5, 6 Conventional treatments of medulloblastoma and AT/RT usually involve surgical resection, high-dose chemotherapy, and radiation (depending upon patient age). New therapies are desperately needed to treat AT/RT and medulloblastoma, because complete surgical resection is usually not possible and conventional radiotherapy and chemotherapy regimens have limited efficacy and debilitating side effects. 1, 4 Oncolytic virotherapy, the use of live attenuated viruses to selectively infect and kill tumor cells, is a novel form of cancer therapy that is actively being pursued in pre-clinical and early-phase clinical trials; it was recently approved by the US Food and Drug Administration (FDA) for use in melanoma. 7, 8 Oncolytic viruses (OVs) have pleomorphic effects, including direct lysis of infected malignant cells, disruption of the tumor blood supply, and stimulation of the immune system against tumor antigens. The safety and tolerability of these agents have been demonstrated in several recently completed clinical trials, where no evidence for a maximum tolerated dose has been reported. 9, 10 Of the previous pre-clinical studies that have been performed using pediatric brain tumor models, measles virotherapy showed activity against localized and disseminated models of both medulloblastoma and AT/RTs. 11, 12 In addition, multiple mutant variants of herpes simplex virus 1 (oncolytic herpes simplex virus [oHSV] ) have demonstrated anti-tumor efficacy in localized tumor models of medulloblastoma. 13, 14 Further determination of whether these observed responses are virus and/or tumor model specific has yet to be evaluated, and other clinically applicable oncolytic virus vectors need to be tested. rRp450 is an attenuated herpes simplex 1 vector deficient in the viral-encoded ribonucleotide reductase (ICP6). In contrast with the oHSV mutant variants previously evaluated in medulloblastoma efficacy studies, rRp450 contains intact copies of the neurovirulence gene g1 34.5 and expresses rat CYP2B1, an enzyme that activates the chemotherapeutic prodrug cyclophosphamide (CPA). 15 Cells infected with rRp450 can bioactivate CPA, thus delivering active cytotoxic metabolites to the tumor microenvironment. 16 We have previously demonstrated that in vivo intracranial (IC) rRp450 injection was well-tolerated and had no significant adverse effects associated with doses up to 1 Â 10 8 plaque-forming units (PFUs). 17 Therefore, we hypothesized that use of intratumoral administration of rRp450 would provide a targeted, less toxic approach for pediatric brain tumors. In this study we show that medulloblastoma and AT/RT cell lines supported viral replication and were susceptible to virusinduced cytotoxicity. Addition of CPA to rRp450-infected cells also resulted in cytotoxicity. Pre-clinical evaluation of rRp450 in multiple models of medulloblastoma and AT/RT demonstrated significant increases in survival and multiple complete responders. Lastly, in a murine xenograft model of AT/RT, CPA in combination with rRp450 increased the median survival and cured multiple animals compared with animals treated with rRp450 or CPA alone. These results indicate that further investigation involving rRp450 and CPA is warranted, and that pediatric brain tumors are strong candidates for clinical application involving this therapeutic platform.
RESULTS

In Vitro Viral Replication
We examined pediatric brain tumor cell lines for permissivity to oHSV replication in vitro (Figure 1 ). The AT/RT cell lines displayed higher permissiveness to oHSV rRp450 viral replication than did the group 3/4 medulloblastoma cell lines tested. The AT/RT cell line BT-16 showed the highest amount of replication (>4 logs), whereas BT-12 displayed approximately 4 logs of viral replication. The group 3 medulloblastoma cell line D425med and the group 4 medulloblastoma cell line D283med both exhibited >3 logs of replication. All cell lines evaluated displayed increased viral replication over time except D425med, which had slightly lower replication at 24 hr compared with 3 hr.
In Vitro Cytotoxicity
We tested the viability of the two AT/RT and two medulloblastoma cell lines following infection by rRp450 in vitro ( Figure 2 ). All four cell lines displayed sensitivity to the virus in a dose-and time-dependent manner. The AT/RT cell line BT-12 displayed greater sensitivity to viral killing than did the AT/RT cell line BT-16, whereas the medulloblastoma cell line D425med displayed slightly greater sensitivity to rRp450 than the medulloblastoma cell line D283med. BT-12 showed the highest amount of cytotoxicity at 48 hr postinfection at the highest MOI (MOI = 1 infectious virion per cell), with 12.8% of cells viable, compared with 30.5% for BT-16. The medulloblastoma cell lines displayed similar sensitivities to rRp450 at 48 hr postinfection at an MOI of 1, with 33.8% and 22.4% viable cells for D283med and D425med, respectively. After 48 hr, greater than 90% of BT-12 cells and 80% of BT-16, D283med, and D425med cells were no longer viable. Likewise, by 96 hr postinfection, greater than 80% of all cells were killed with an MOI of 0.1.
In Vivo Efficacy
All orthotopic xenograft pediatric brain tumor models tested showed statistically significant improvement in length of survival with intracranial oHSV rRp450 treatment as compared with treatment with vehicle ( Figure 3 ). The group 4 medulloblastoma D283med showed the most significant response, with 5/12 (41.6%) mice exhibiting complete response (CR) upon the conclusion of the study at day 100 post-tumor implantation. The group 3 medulloblastoma D425med-bearing mice displayed 3/11 (27.3%) mice cured after treatment, whereas the AT/RT-bearing mice showed 4/10 CR (40%) and 3/12 CR (25%) for BT-12 and BT-16, respectively.
The median survival was significantly prolonged for all oHSV-treated mice compared with vehicle-treated animals. The median survival of mice bearing D283med tumors was 82 days (range 50-100 days, n = 12) compared with 60 days (range 48-70 days, n = 9) in vehicle-treated mice. Median survival for oHSV-treated D425med tumor-bearing mice was 54 days (range 27-100 days, n = 11) versus 20 days (range 19-20 days, n = 9) for vehicle-treated mice. rRp450-treated BT-12 tumor-bearing mice had a median survival of 84.5 days (range 44-100 days, n = 10) compared with 33 days in vehicle-treated mice (range 29-58 days, n = 5). The median survival for oHSV-treated BT-16 tumor-bearing mice was 81 days (range 56-100 days, n = 12) versus 50 days in vehicle-treated mice (range 46-55 days, n = 7).
In Vivo Detection of oHSV Infection by Immunohistochemistry
We found evidence by immunohistochemical staining of oHSV infection in the brains of all tumor-bearing animals at time of death. Staining for HSV-1 showed association of oHSV infection with tumor cell necrosis ( Figure 4 ). Viral inclusion bodies were noted within the nuclei of some tumor tissues ( Figure 4 ). Cured animals showed no evidence of tumor upon brain dissection and no significant oHSV staining (data not shown). Because rRp450 contains the gene for rat Cyp2b1, which bioactivates the cancer chemotherapeutic prodrug CPA, 15 we wanted to investigate whether we could build upon our initial in vivo results demonstrating significant increases in survival following rRp450 treatment alone. We thus evaluated rRp450-mediated cytotoxicity in the presence or absence of CPA. Because rRp450 is very cytotoxic to our cell populations (Figure 2 ), we performed the assays at 39. 8 C, a temperature that is non-conducive to ICP6 mutant viral replication. Thus, we could isolate cytotoxicity associated with CPA bioactivation in the absence of oncolysis. 15, 18 Figure 5 demonstrates that addition of CPA to rRp450-infected cells significantly increases cytotoxicity in all four cell lines examined. However, CPA failed to increase cytotoxicity of the ICP6-deficient, g1 34.5 wild-type HSV-1 mutant hrR3. 19 Unlike rRp450, hrR3 does not contain CYP2B1, the gene product allowing bioactivation of CPA in viral-infected cells. Addition of CPA alone also had no cytotoxic effect on the cells.
CPA Enhances rRp450 Efficacy In Vivo
To confirm CPA potentiation of rRp450 cytotoxicity, we conducted a proof-of-principle study evaluating the efficacy of rRp450 and CPA co-treatment in an orthotopic model of BT-12. The addition of CPA to rRp450-treated animals increased the median survival to 84.5 days (range 56-100 days, n = 10), compared with a median survival of 63 days (range 45-95 days, n = 5) for animals treated with rRp450 alone (Figure 6 ). While co-treatment failed to reach strictly defined statistical significance, it did produce a strong trend toward increased survival (p = 0.0611), and 50% (5/10) of the animals displayed CR compared with no animals (0/5) in the rRp450-alonetreated group. Administration of CPA alone failed to increase animal survival over vehicle treatment. The median survival of animals treated with only CPA was 45.5 days (range 37-48 days, n = 9) compared with 44 days (range 42-49 days, n = 6) for vehicle-treated animals. Animals treated with either rRp450 or rRp450 plus CPA had a statistically significant increase in survival compared with vehicleor CPA-treated animals (rRp450 versus vehicle, p = 0.0220; rRp450 versus CPA, p = 0.0035; rRp450 + CPA versus vehicle, p < 0.0001; rRp450 + CPA versus CPA, p < 0.0001).
DISCUSSION
With the recent FDA approval of the oHSV Imlygic (talimogene laherparepvec) for the treatment of melanoma, oncolytic viruses are poised for greater acceptance in treating other forms of cancer. Imlygic and similar oncolytic viruses have displayed remarkable specificity for infecting and destroying neoplastic cells while leaving the normal surrounding tissue undamaged. [20] [21] [22] No dose-limiting toxicities have been reported for oHSVs that have advanced to clinical trials, and adverse events, if present, have typically been limited to mild to moderate flu-like symptoms. 20, 22, 23 As such, these therapies may have considerable potential for pediatric brain tumor patients, because many tumors are refractory to conventional treatment modalities (i.e., surgical resection, chemotherapy, and radiation) that are associated with devastating and often permanent neurocognitive defects.
In the current study, we investigated the efficacy of the oHSV rRp450 against medulloblastoma and AT/RT cell lines and orthotopic xenograft models. The rRp450 virus was originally derived from the KOS HSV-1 strain and attenuated by replacement of the UL39 gene (encoding ICP6, the large subunit of ribonucleotide reductase) with the rat Cyp2b1 gene (encoding a cytochrome P450 enzyme, which functions as a convertase for oxazaphosphorine prodrugs). Compared with its wild-type counterpart, rRp450 replication in normal human cells is attenuated by three to four orders of magnitude. Also, whereas intracerebral inoculation of FVB/N mice with 1 Â 10 5 PFUs of wild-type virus is uniformly fatal, doses as high as 1 Â 10 8 PFUs of rRp450 are well tolerated. 17 rRp450 is currently being studied in a phase I clinical trial for adult patients with primary liver cancer (NCT01071941).
We initially examined the efficacy of rRp450 against medulloblastoma and AT/RT cell lines in vitro and found that all cell lines were susceptible and permissive to virus infection. This efficacy was also observed in vivo, where we inoculated mice bearing established orthotopic medulloblastoma or AT/RT tumors with a single intratumoral dose of 1 Â 10 6 PFUs of rRp450. Mice in these virus-treated groups displayed significantly prolonged survival times compared with their respective vehicle-treated controls, with several mice within each tumor group surviving to the experimental endpoint at day 100 (Figure 3) . Importantly, none of the rRp450-treated mice displayed any adverse symptoms that could be attributed to the virus during the course of the study. The mice that did succumb in these treatment groups had prominent brain tumors at the time of necropsy, presumably because of pockets of viable tumor cells that escaped rRp450 infection or its associated mechanisms of tumor cell killing. In contrast, the mice that survived to the experiment endpoint were tumor-free as determined by H&E staining and pathologist review.
Our findings are closely aligned with previous results demonstrating increased survival of medulloblastoma xenografts models following treatment with mutant variant oHSVs. 13, 14 In the study completed by Lasner and colleagues, 13 D283med tumors were shown to be susceptible to the oHSV variant 1716. They observed persistent viral replication within tumors, as well as acute viral replication within murine cells of the brain. Recently, the oHSVs G207 and M002 were used to treat a panel of group 3 medulloblastoma xenograft models.
14 Virus treatment led to a significant prolongation of survival in each xenograft model, with no reported instances of neurotoxicity. Moreover, the authors demonstrated that each oHSV could infect the CD133 + or CD15 + subpopulation of tumor-initiating cells, which are difficult for conventional therapies to effectively target and kill. Unlike the rRp450 virus used in our studies, the G207, M002, and 1716 viruses used in these previous studies were attenuated by deletions in both copies of their ICP34.5 genes. The ICP34.5 product, the so-called herpes virus neurovirulence factor, counteracts the inhibitory activities of interferon-induced protein kinase R (PKR) on virus replication. 24 While the pathways leading to PKR activation are typically impaired in most cancer cells regardless, the loss of ICP34.5 can have a negative impact on the overall potency of an oHSV. 25 Our in vitro cytotoxicity data suggest that rRp450 is more cytolytically potent than the ICP34.5-deleted vectors, but a direct head-to-head comparison would be required to confirm this claim.
Another potential benefit of the rRp450 virus is its inclusion of the aforementioned rat Cyp2b1 gene and the ability of its encoded cytochrome P450 to activate chemotherapeutic drugs such as CPA. Multiple studies have demonstrated that CPA enhances the cytotoxicity of rRp450-infected cells both in vitro and in vivo. 17, 26, 27 Furthermore, it has been shown that infected cells can bioactivate CPA, and the active chemotherapeutic metabolites can diffuse and kill noninfected bystander tumor cells. 26, 28, 29 Because CPA is commonly used in chemotherapy regimens to treat both medulloblastoma and AT/RT, we postulated that studies investigating its inclusion with rRp450 in the treatment regimen were rational and may yield similar improvements. [30] [31] [32] [33] [34] To evaluate the sensitivity to CPA in the context of rRp450 infection, we infected medulloblastoma and AT/RT cells with rRp450 in the presence or absence of CPA. We demonstrated that addition of CPA to rRp450-infected cells significantly enhanced cell death ( Figure 5 ). In contrast, CPA failed to enhance the cytotoxicity of the oHSV hrR3. HrR3, the parental virus to rRp450, is also ICP6 deficient, but does not encode the Cyp2b1 gene. Thus, this virus cannot activate the CPA prodrug. While we did not address the role of CPA in rRp450 replication, it has previously been demonstrated in multiple cell types that CPA has minimal to no impact on viral replication. 15, 26, 27 The AT/RT cell line BT-12 was used in a proof-of-principle study to evaluate whether CPA could enhance rRp450 cytotoxicity in vivo. Because all cell lines are equally sensitive to rRp450 therapy in vivo ( Figure 3) , and equally sensitive to CPA addition to rRp450 in vitro ( Figure 5 ), we chose BT-12 because therapeutic modalities for AT/RT patients are severely inadequate. The addition of CPA 24 and 48 hr following rRp450 administration increased the animals' median survival compared with animals treated solely with rRp450 or CPA. More importantly, 50% of the animals treated with CPA and rRp450 were tumor-free at the end of the study. All of the animals in the CPA and rRp450 treatment groups succumbed to tumor disease.
In conclusion, this study provides evidence of oHSV rRp450 efficacy against human medulloblastoma and AT/RT cell lines and orthotopic xenograft models. To our knowledge, this is the first study to evaluate efficacy of oHSV in pre-clinical models of AT/RTs. While in vitro permissivity to virus infection and replication could greatly vary among cell lines, mouse survival for each tumor model benefited significantly from rRp450 treatment, with multiple animals determined to be tumor-free at the experiment endpoint. No virus-associated toxicity Statistical analysis was performed using two-way ANOVA. Statistical values represent the difference between rRp450 plus CPA co-treatment and all other treatment groups. *p < 0.05; **p < 0.01; ***p < 0.001.
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was observed in the treated animals despite direct intracerebral inoculation with an ICP34.5-intact oHSV. Taking advantage of the Cyp2b1 gene encoded in rRp450, we demonstrated that the addition of CPA enhanced the killing of rRp450 in all four cell lines examined. We also found CPA-mediated enhancement of rRp450 cytotoxicity in the BT-12 animal model of AT/RT. We observed an increased median survival and percentage of complete responders when CPA was added to the rRp450 treatment regimen. The capacity of rRp450-infected cells to convert CPA to its active metabolites provides an attractive approach to augment lytic death associated with the virus. Furthermore, this strategy allows increased local concentrations of active chemotherapy in the tumor microenvironment causing bystander killing to non-infected tumor cells. 28, 29 This work provides further support that pediatric brain tumors may benefit from oncolytic virotherapy and suggests future studies involving CPA potentiation of rRp450 oncolysis are warranted.
MATERIALS AND METHODS
Cell Culture
The Vero African green monkey kidney cell line was obtained from the American Type Culture Collection (ATCC). The human medulloblastoma cell lines D283med and D425med were acquired from the ATCC and Dr. Darrell Bigner (Duke University), respectively. The human AT/RT cell lines BT-12 and BT-16 were supplied by Dr. Peter Houghton (Greehey Children's Cancer Research Institute, UT Health Science Center) and have been previously characterized. 35 All cell lines were maintained in DMEM supplemented with 1% penicillin/ streptomycin and 10%-20% fetal bovine serum (FBS; 10% serum concentration for Vero cells, 20% serum concentration for all other cells). Firefly luciferase-expressing variants of the medulloblastoma and AT/RT cell lines were generated as described previously. 36 All cell lines were verified to be free of mycoplasma contamination by the MycoAlert Mycoplasma Detection Kit (Lonza) prior to use.
Oncolytic Herpes Virus rRp450
The ICP6-deficient oHSV vector hrR3 was a kind gift from Dr. Sandra Weller (University of Connecticut School of Medicine). The ICP6-deficient oHSV vector rRp450 (KOS strain) was a kind gift from Dr. Antonio Chiocca (Brigham and Women's Hospital). rRp450 was derived from hrR3 by replacing the lacZ gene inserted into the ICP6 gene locus with the rat Cyp2b1 gene. 15 Viral stocks were prepared with the 7b cell line in 10-layer Nunc Cell Factories (Thermo Fisher Scientific) at an MOI of 0.005 and purified under good laboratory practice-like conditions as described elsewhere. 37, 38 Virus titers were determined in triplicate on 7b cells according to standard protocols. and D425med. Twenty-four hours after seeding, the cells were infected for 2 hr with various MOIs of rRp450 in 0.1 mL of Opti-MEM I reduced serum medium (Thermo Fisher Scientific) at 37 C. Each MOI was assessed in eight replicates. At the end of the incubation period, the virus was removed, and the cells were maintained in DMEM containing 10% FBS. Uninfected cells were used as controls. Cell viability was quantified by the CellTiter 96 Aqueous One Solution Cell Proliferation MTS assay (Promega). The percentage of surviving cells was calculated by dividing the absorbance at 490 nm recorded from the infected wells by the absorbance from the uninfected wells corresponding to the same time point.
In Vitro CPA Activation and Cytotoxicity For in vitro CPA bioactivation and enhancement of rRp450 cytotoxicity experiments, cells were plated in six-well plates at a density of 2.5 Â 10 5 cells per well for BT-12 and BT-16 or 1.0 Â 10 6 cells per well for D283med and D425med. Twenty-four hours later, media were removed, cells were washed with PBS, and cells were infected with either rRp450 or hrR3 at an MOI of 0.1 in 700 mL of DMEM containing 10% FBS. Following 1-hr incubation at 37 C with gentle shaking every 20 min, CPA (SANDOZ), reconstituted in DMEM containing 10% FBS, was added at a final concentration of 250 mM. The final volume per well was 2 mL. Cells were incubated an additional 3 hr at 37 C before viral replication was attenuated by transferring the plates to a separate 39. 8 C incubator. Surviving cells were enumerated 5 days later. All experimental groups were performed in triplicate. Results represent the means of three biological replicates evaluated in triplicate. Statistical analysis was performed using twoway ANOVA (GraphPad Prism 7.00).
In Vitro Virus Replication Assays
Cells were plated in 12-well plates at a density of 1.5 Â and D425med. Cells were infected 24 hr later with rRp450 at an MOI of 0.01 in 100 mL of Opti-MEM. Following a 2-hr incubation at 37 C with gentle shaking every 20 min, both cells and supernatants were collected at 3, 24, 48, and 72 hr after initial infection. These samples were then freeze-thawed three times, centrifuged to pellet debris, and serially diluted onto previously plated Vero cells. Virus titers were determined by standard plaque assays. Results represent three biological replicates evaluated in triplicate.
Animal Studies
Orthotopic xenograft models of medulloblastoma and AT/RT were used as described previously. 12, 36 PFUs/dose) delivered in 5 ml total volume or an equivalent volume of Opti-MEM was administered at this time using the same injection coordinates as tumor cell implantation. The animals were then monitored for survival and euthanized if they developed neurological deficits such as hemiparesis or lethargy. At the time of necropsy, brains were collected, fixed overnight with 10% formalin, paraffin embedded, cut into 5-mM tissue sections, and stained with H&E.
For animal studies evaluating rRp450 and CPA co-treatment, 5 Â 10
5
BT-12 cells suspended in 2 mL of Opti-MEM were stereotaxically implanted as described above. Bioluminescent imaging was performed 1 week later to confirm equal tumor burdens and exclude from further studies animals that exhibited disseminated disease. Treatment with rRp450 (5 Â 10 5 PFUs/dose) delivered in 5 ml total volume or an equivalent volume of Opti-MEM was administered at this time using the same injection coordinates as tumor cell implantation. 24 and 48 hr following virus injection, 2 mg of CPA, reconstituted daily in 0.9% sodium chloride (Hospira) or 0.9% sodium chloride, was administered to animals via intraperitoneal (i.p.) injection. Animals were monitored and brains processed as described above. All animal experiments were approved by the Nationwide Children's Hospital Institutional Animal Care and Use Committee.
Immunohistochemistry
Immunohistochemistry was performed on paraffin-embedded tissues in an automated fashion using the BondMAX IHC system (Leica Microsystems) with an antibody targeted against HSV-1 (rabbit polyclonal antibody [PP108AA] from Biocare Medical). The prediluted antibody is ready to use, and no epitope retrieval was needed. Signal was detected using the Refine Polymer, 3,3'-diaminobenzidine (DAB; Leica Microsystems). Negative controls were obtained by substituting the primary antibody with a Universal Negative Control Serum (Biocare Medical). The sections were reviewed by the neuropathologist author (C.R.P.). Tumors were harvested post-virus treatment; BT-12 (14 days), BT-16 (21 days), D283med (50 days), and D425med (28 days) staining was performed.
Statistical Analysis
Kaplan-Meier survival curves were generated with the GraphPad Prism 7.00 software. Statistical significance (p < 0.05) between the PBS-and rRp450-treated groups was determined using the log rank test. 
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